Abstract: Biphenyl structures (5-5 linkages) are one of the significant structural units in plant cell wall lignin. They can potentially play a role in providing branch points in lignins and influence the polymer structure of lignins. Variation of the biphenyl content was investigated for 21 wood species by alkaline nitrobenzene oxidation. The total yields of biphenyl-type products were similar among the six softwoods, and at least 6% of the phenylpropanoid units in lignin were involved in the biphenyl structures (>0.06 per C 6 -C 3 ). The biphenyl product yield of the 15 hardwoods ranged widely (0.002-0.05 per C 6 -C 3 ) and was lower in species having a higher syringyl/guaiacyl ratio (i.e. a species with less guaiacyl units). In addition, the proportion of biphenyl products in all guaiacyl-type products was not constant but decreased as the proportion of syringyl units increased. This indicates that the content of guaiacyl units is not likely the only factor influencing the biphenyl content.
Introduction
Lignins are major polymer components of the cell wall that are essential for mechanical support and chemical reinforcement in vascular plants. Lignins contain various types of interunit linkages (β-O-4, β-5, β-β, β-1, 5-5, 4-O-5 linkages) in their polymer chains (Figure 1) . Because of the presence of the 5-5 (biphenyl structures) and 4-O-5 (diaryl ether structures) linkages, lignins have been regarded as branched polymers. In the lignin formation process, the 5-5 or 4-O-5 coupling reactions make it possible to connect two growing lignin polymers. The resultant polymer can potentially be further coupled with monomers to form a branched polymer.
The lignin structure is often described as a "threedimensional network". In contrast, Lundquist and Li (1999) attempted to calculate the number of interconnections between phenylpropanoid (C 6 -C 3 ) units in a lignin polymer and concluded that the extent of cross-linking is in all probability low, although the 5-5 and 4-O-5 linkages can potentially play a role in providing branched points. In a recent nuclear magnetic resonance (NMR) study of isolated lignins, Crestini et al. (2011) reported that milled wood lignins (MWLs) isolated from ball-milled wood meals with dioxane and water are linear oligomers. We also tried to find a structural evidence for the branch point in an NMR study (Akiyama and Ralph 2009 ) about dibenzodioxocin structures having an eight-membered ring composed of 5-5 and β-O-4 linkages . To be an authentic branch point, it is essential that dibenzodioxocins formed during lignin biosynthesis are able to further couple with a monolignol to extend the growing polymer; in other words, it is necessary that etherified (or non-phenolic) dibenzodioxocins exist in lignin. We established the methodology using long-range heteronuclear multiple bond correlation (HMBC) experiments to distinguish β-O-4-etherified dibenzodioxocin from phenolic ones (Akiyama and Ralph 2009 ). The aromatic carbons (C1) attached to the sidechain of a dibenzodioxocin had significantly different chemical shifts between β-O-4-etherified and phenolic model compounds. On the other hand, the evidence for the etherified structure was not obtained from the HMBC spectrum of pine MWL. However, it remains unclear whether this result was due to the lack of the etherified structure in the MWL sample, or if further optimization of the HMBC experiment can make it possible to detect the etherified structure. So far, structural evidence for the branch point has not been obtained to the best of our knowledge. There have been some attempts to understand the basic shape of lignin polymers based on the amounts of these candidate linkages of branch points in lignin (Adler 1977; Brunow 2001; Ralph et al. 2004 ). The present knowledge of the content of the 5-5 linkages, however, remains obscure.
It is well recognized that the biphenyl structure is one of the significant structural units in lignins, especially in softwood species (gymnosperm). There is, however, a large difference in the values proposed for their biphenyl contents; for example, in an ultraviolet (UV) spectroscopy study of spruce cellulolytic enzyme lignin, it was reported that 25% or more phenylpropanoid (C 6 -C 3 ) units were involved in biphenyl structures (≥0.25 per C 6 -C 3 , i.e. the frequency of 5-5-linkage was estimated to be the half of this value, ≥12.5 linkages per 100 C 6 -C 3 ) (Pew 1963) .
13
C NMR studies also indicated that 0.24-0.26 per C 6 -C 3 unit (Drumond et al. 1989 ) and 0.24-0.27 per C 6 -C 3 unit (Capanema et al. 2004) were involved in the biphenyl structures in spruce MWLs. Brunow et al. (1995) pointed out the difficulty in validating the biphenyl content determined by 13 C NMR analysis due to the overlap of the NMR signals of biphenyl structures with other signals. Such a signal overlap may possibly lead to an overestimation of the biphenyl content. By the combination of 31 P NMR and heteronuclear single-quantum correlation (HSQC) NMR methods, 0.07 per C 6 -C 3 in spruce MWL and 0.10 per C 6 -C 3 in enzyme spruce MWL prepared by mild acidolysis treatment were determined (Crestini et al. 2011 ). The kraft pretreatment-permanganate oxidation method using some factors in the estimation showed 0.18 per C 6 -C 3 unit in the lignin of spruce thermomechanical pulp (TMP) (Bose et al. 1998) . It is unclear whether these large differences in biphenyl contents are caused by the structural variations in the softwood lignin samples or by the differences in the analytical methods used.
The number of C 6 -C 3 units involved in the biphenyl structure has also been indicated by the product yields of the biphenyl structures in lignin via chemical degradation methods. Assuming that Mw of a lignin unit is 200 g mol −1
, studies have determined this number to be 0.07 per C 6 -C 3 unit in Japanese cedar wood meal by the alkaline nitrobenzene oxidation method (Tamai et al. 2015) , 0.06 per C 6 -C 3 unit in spruce MWL by the permanganate oxidation method (Parkas et al. 2007) , and 0.02 per C 6 -C 3 unit in pine wood meals by the thioacidolysis method (Yue et al. 2016) . Because the yields of the biphenyl-type degradation products are not corrected by any factor such as the conversion factor, these numbers indicate the minimum number of the C 6 -C 3 units involved in the biphenyl structure. Thus, the biphenyl structure can be regarded as a significant structural unit in softwood lignins even on the basis of the minimum amount. The diaryl ether structures (4-O-5 linkages) can also play a role as branched points in lignin. This type of linkage has been evidenced by some chemical degradation methods (Peng et al. 1998; Lange and Faix 1999; Li et al. 2016) and by NMR spectroscopy (Li et al. 2016) . The content of 4-O-5 linkages, however, is not considered to be as large as that of 5-5 linkages in softwood lignin (Li et al. 2016; Yue et al. 2016) .
Hardwood lignins also contain biphenyl structures, although available information on their amount in these lignins is limited to a few studies (Tanaka and Kondo 1958;  Ämmälahti et al. 1998) . In an earlier study of alkaline nitrobenzene oxidation (NBO, shown in Figure 2 ), Tanaka and Kondo (1958) isolated 50 mg of dehydrodivanillin from the crude NBO products of 660 g of beech wood meals. This yield was much lower than that obtained from softwood (Leopold 1952; Pew 1955) . This is a reasonable finding considering the fact that biphenyl structures form from guaiacyl units during lignin formation and not from syringyl units, which are generally absent in gymnosperm lignins (Nawawi et al. 2016) . Biphenyl structures were also found to exist in hardwood species as dibenzodioxocin structures, as evidenced by NMR studies of milled wood lignins (MWLs). Whereas dibenzodioxocins were readily found in two-dimensional (2D) HMQC (or HSQC) spectra of softwood lignins Wagner et al. 2015) , weaker NMR correlation signals were obtained for dibenzodioxocin structures in hardwood lignins. They were reported for Quercus suber MWL (Lourenço et al. 2016) , Paulownia fortunei MWL (Rencoret et al. 2009 ) and 13 C-enriched poplar MWL (Ämmälahti et al. 1998) . Hardwood lignins are likely to contain a considerably low amount of biphenyl structures.
Lignins are often divided in two groups: softwood and hardwood lignins, as mentioned. The shape of the lignin polymer is also described as being one of these two types on the basis of the number of branched points that are estimated. The biphenyl content is, however, expected to vary widely among different species as the guaiacyl/ syringyl ratio varies widely in different hardwood lignins (Akiyama et al. 2005) . The decrease in the syringyl/guaiacyl ratio, i.e. the increase in the relative content of guaiacyl units, may result in the increase in 5-5 linkages. We examined whether direct experimental evidence to support this expectation can be obtained.
In the present study, six softwood and 15 hardwood species were examined by the alkaline NBO method (Tamai et al. 2015) to explore the variation in the content of biphenyl structures in softwood lignins, and to investigate the relationship between biphenyl content and the syringyl/guaiacyl ratio among hardwood lignins.
Materials and methods
Chemicals: Dehydrodivanillin (DV -ald ), dehydrovanillin-vanillic acid (DV -ald-acid ), and dehydrodivanillic acid (DV -acid ) were synthesized according to a previous report (Tamai et al. 2015) . Vanillin (V -ald ), vanillic acid (V -acid ), syringaldehyde (S -ald ) and syringic acid (S -acid ) were purchased from Fujifilm Wako Pure Chemical Co. (Osaka, Japan). All other chemicals were of reagent grade.
Wood samples: The examined wood species including six softwood and 15 hardwood species are listed in Table 1 . The wood meals were pre-extracted with ethanol/benzene solution (1:2, v/v) using a Soxhlet apparatus (Akiyama et al. 2005) . Their lignin content (sum of Klason lignin and acid-soluble lignin content) and methoxy content were determined in our previous study (Akiyama et al. 2005 ).
Alkaline nitrobenzene oxidation (NBO):
The wood meal (40 mg) was placed in a stainless-steel autoclave (10 ml volume, TVS-1-10 without a gas inlet or outlet; Taiatsu Techno Co., Tokyo, Japan), and sealed with 2 M NaOH solution (7 ml) and nitrobenzene (400 μl). The autoclave was heated at 170°C for 2 h in an oil bath with shaking. After cooling with iced water, the autoclave was opened, and an aqueous 0.1 M NaOH solution of ethyl vanillin (3-ethoxy-4-hydroxybenzaldehyde, EV; 2.5 mmol l −1 × 2 ml) was added to the reaction mixture as an internal standard. The reaction mixture was transferred into a 100 ml separatory funnel with the aid of 0.1 M NaOH solution (5 ml × 3 times) and washed with CH 2 Cl 2 (15 ml × 3 times). The CH 2 Cl 2 layer was discarded, and the aqueous layer was acidified with 2 M HCl and extracted with CH 2 Cl 2 (20 ml × 2 times) and diethyl ether (20 ml × 1 time). The combined organic layer was washed with water (20 ml) and dried over Na 2 SO 4 . After filtration, the filtrate was collected in a 100 ml pear-shaped flask and evaporated until dryness. The reaction products were dissolved in pyridine (200 μl), transferred into a 4 ml vial with a screw cap, and then trimethylsilylated with 200 μl of bis(trimethylsilyl)acetamide at 100°C for 10 min. An aliquot of the trimethylsilylated derivatives (2 μl) was subjected to gas chromatography-flame ionization detector (GC-FID) analysis.
GC-FID analysis was run on a Shimadzu GC-2014 (Shimadzu Co., Ltd., Kyoto, Japan) equipped with a fused-silica capillary column ; injection temperature, 280°C; detector temperature, 280°C. Three GC column programs were used for three different temperatures: two of three programs for softwood samples to separate the G-type products (time program 1) and the H-type products (time program 2), and the other one for hardwood samples to separate the S-type and G-type products (time program 3).
Time program 1 (for softwoods, G-type products) consisted of an initial column temperature of 130°C (held for 10 min), raising at 5°C min −1 to 150°C (held for 13 min), raising at 3°C min −1 to 190°C, raising at 10°C min −1 to 215°C (held for 45 min), raising at 10°C min −1 to 230°C (held for 20 min), and final raising at 10°C min −1 to 280°C (held for 10 min). The total running time was 124.3 min. The retention times for the softwood samples were 14.3 min for V -ald , 16.8 min for EV (internal standard), 29.8 min for V -acid , 75.3 min for DV -ald , 91.1 min for DV -ald-acid , and 102.0 min for DV -acid . The products obtained from the softwoods were quantified using their calibration curves. Mixtures of the authentic compounds and the internal standard were prepared at the desired concentrations as pyridine solutions, trimethylsilylated and subjected to GC analysis, same as above. The calibration curves for the softwood samples were as follows: Y V-ald = 1. . Y is the molar ratio of each authentic compound to EV (e.g. the DV -ald /EV molar ratio), and X is the GC area ratio of each authentic compound to EV (e.g. the DV -ald /EV area ratio).
Time program 2 (for softwoods, H -ald and H -acid ) consisted of an initial column temperature of 130°C (held for 9 min), raising at 10°C min −1 to 160°C (held for 10 min), raising at 10°C min −1 to 280°C (held for 10 min). The total running time was 44.0 min. The retention times were 7.9 min for p-hydroxybenzaldehyde (H -ald ), 14.7 min for EV (internal standard), 16.5 min for p-hydroxybenzoic acid (H -acid ). The calibration curves for the softwood samples were as follows: Y H-ald = 1.203X H-ald + 0.0025 (R 2 = 1.00) for H -ald (0.00562-0.137, the X H-ald range); Y H-acid = 0.8770X H-acid + 0.0000 (R 2 = 1.00) for H -acid (0.00189-0.0191, the X H-acid range).
Time program 3 (for hardwoods) consisted of an initial column temperature of 150°C (held for 25 min), raising at 3°C min −1 to 190°C, raising at 10°C min −1 to 215°C (held for 45 min), raising at 10°C min −1 to 230°C (held for 20 min), and final raising at 10°C min −1 to 280°C (held for 10 min). The total running time was 122.3 min. The retention times for the hardwood samples were 8.3 min for V -ald , 10.6 min for EV (internal standard), 15.9 min for S-ald , 23.2 min for V -acid , 34.0 min for S-acid , 72.9 min for DV -ald , 88.9 min for DV -ald-acid , and 100.8 min for DV -acid . The calibration curves for hardwoods were as follows: Gas chromatography-mass spectrometry (electron ionization, 70 eV) was run on a Shimadzu GC2010/PARVUM2 (Shimadzu Co., Ltd., Kyoto, Japan) equipped with a fused-silica capillary column (IC-1, 0.25 mm i.d. × 30 m, GL Science Inc., Tokyo, Japan). The NBO products were analyzed and identified by comparison with the retention times and mass spectra of the authentic samples. A C 6 -C 3 unit with a molecular weight of 200 g mol −1 was used throughout to convert the moles of product per gram of lignin to moles per 100 moles of C 6 -C 3 unit. Biphenyl products were derived from two C 6 -C 3 units in the lignin; thus, the yield of DV was doubled to give a value of 2DV, which expresses the number of C 6 -C 3 units involved in the biphenyl structure (Figure 2 ).
Results and discussion
In our previous study about the alkaline NBO method, we slightly modified its workup procedure to make it suitable for quantifying biphenyl products released from lignins (Tamai et al. 2015) . In Table 1 , six softwood and 15 hardwood species having a wide range of syringyl/guaiacyl ratios in their lignin content are listed (Akiyama et al. 2005) . Their pre-extracted wood meals were subjected to the alkaline NBO method to investigate the variation of the biphenyl content of the lignins (Figure 2 and Table 2 ). The wood samples (Akiyama et al. 2005) are listed in order of increasing S/V ratio, an indicator of syringyl/guaiacyl ratio, determined by NBO method (See Table 2 for the ratio).
b This gymnosperm species was categorized as softwood in this study for convenience. In addition to the total yield of biphenyl products (DV), those of non-condensed NBO products were categorized to three types: p-hydroxyphenyl-type (H), guaiacyl-type (V), and syringyl-type (S) products, as shown in Figure 2 . The yield was calculated from the lignin content and with the assumption that the molecular weight of a C 6 -C 3 unit is 200 g mol −1 C 6 -C 3 . Together with the biphenyl products, the total yield of all NBO products (H + V + S + 2DV) accounted for approximately half of the C 6 -C 3 units that comprised the lignins (Figure 3-a1 and -a2) . The yields of the monomeric products (H + V + S) obtained from the softwoods were much lower than those of hardwoods (Table 2) ; but when the yields of the dimeric (biphenyl) products (2DV) were counted, the total NBO yields from the softwoods were comparable to those from the hardwoods (H + V + S + 2DV). The molar yield was 44-49% for the C 6 -C 3 units in softwood lignins (2194-2454 μmol per 1 g lignin, 0.44-0.49 per C 6 -C 3 ), and 44-58% for the hardwood species (2199-2924 μmol per 1 g lignin, 0.44-0.58 per C 6 -C 3 ).
The content of condensed-type structures in lignin has been sometimes speculated and discussed indirectly on the basis of yields of non-condensed-type products obtained by the NBO method; e.g. a lignin sample with a low yield of non-condensed-type products (V + S) and a low S/V ratio was speculated to be more abundant in condensedtype structures (Meshitsuka and Nakano 1985) . Indeed, the present study indicated that lower yield of V + S from samples with a lower S/V ratio was partly offset by a higher yield of biphenyl-type products (DV, Figure 3-a1) . Thus, the total amounts of NBO products were comparable among the different wood species, although the other condensed-type product released from the β-5-linked aromatic rings (Pew 1955) remains to be quantified for a more precise evaluation of the condensed-type structures. The direct approach developed in the present study for the quantification of biphenyl products reinforces the reliability of the indirect structural characterization performed in previous studies. Moreover, it enabled us to evaluate the factors that determine the content of the 5-5 linkages, as described below. (Akiyama et al. 2005) .
c Methoxy (MeO) group content of the Klason lignin residues was expressed as the value per C 6 -C 3 unit on the assumption that the Mw of C 6 -C 3 unit is 200 g mol −1 (Akiyama et al. 2005 
Biphenyl content of softwood lignins
The contents of the biphenyl structures were evaluated from the total yield of three biphenyl-products: DV -ald , DV -ald-acid , and DV -acid . The DV yields from the six softwood species were in a narrow range (154-183 μmol 1 g -1 lignin), indicating that the content of biphenyl structures was similar in the six softwood species examined in this study (Table 2) . Various values have been reported for the biphenyl content of softwood lignins, as described in the introduction of this paper (Pew 1963; Drumond et al. 1989; Capanema et al. 2004; Tamai et al. 2015) . Perhaps such differences are caused by a difference in the analytical methods used in the studies rather than the structural variation among the softwood species. It remains unknown, however, how much differences there are in the biphenyl content between the isolated lignins prepared by different methods. Such an unexpected portioning is known to figures (a1 and b1) , only the biphenyl product yield (DV) in the lower figures (a2 and b2) was extracted. The syringyl ratio is the ratio of syringyl products (S) to the total of guaiacyl and syringyl products (S + V + 2DV), which was introduced as an indicator of the syringyl/ guaiacyl composition of lignin. The molar yield per one gram of lignin was converted to the yield per C 6 -C 3 unit on the assumption that molecular weight of the C 6 -C 3 unit is 200 g mol −1
. After calculation, the DV yield was doubled to 2DV so that the NBO yield represents the yield of aromatic rings.
occur during the preparation of lignin samples (e.g. MWL) that are often used in spectroscopic studies.
As a biphenyl product (DV) is derived from two C 6 -C 3 units, doubling the value of the yields of the biphenyl products (2DV) provides the number of C 6 -C 3 units involved in the biphenyl structure. This value was determined to represent approximately 6-7% of C 6 -C 3 units in lignin (6.2-7.3 per 100 C 6 -C 3 units) based on a C 6 -C 3 molecular weight of 200 g mol −1 (Figure 3-a2 and -b2 ). Other factors, such as the conversion rate of biphenyls in lignin to biphenyl-type products and their survival factors, were not considered. Thus, the value of 2DV represents the minimum amount of involved C 6 -C 3 units and indicates that ≥6% of the aromatic ring was involved in 5-5 structures in softwood lignin.
Even though the range of the DV yields was narrow for softwood species, a relationship between the DV yield and the type of aromatic ring was found (Figure 4) . The biphenyl product yields in softwood tended to decrease with a decrease in the MeO group content of lignin with a moderate correlation (R 2 = 0.73), as well as with the increase in the proportion of p-hydroxyphenyl-type (H-type) products in all products [H/(H + V + 2DV), R 2 = 0.78]. In addition, the yield of biphenyl-type products (2DV) proportionally increased with the increase in the total guaiacyl-type products (V + 2DV, R 2 = 0.92, in Table 2 ), and their ratio was almost constant for the six species (2DV/(V + 2DV) values were 0.144-0.153, in Figure 5 ). This implies that the increase in the p-hydroxyphenyl/guaiacyl ratio (i.e. the decrease in the guaiacyl unit content of lignin) simply caused a decrease in the guaiacyl-type biphenyl structures, although the yield of H-type products was much lower than that of the G-type products and accounts for only 0.6-2.3% of all products. At present, it is difficult to explain all of the differences in the DV yields found in the six species by only a small difference in the H-type product yields.
Biphenyl content of hardwood lignins
In all examined hardwood species, the biphenyl product yields were lower than those of softwoods. In contrast to softwoods, different hardwoods had different biphenyl product yields (Table 2 , and Figure 3-a2 and -b2). The twofold value of the yield (2DV) for hardwoods ranged widely, from 12 to 228 μmol per 1 g lignin (0.002-0.05 per C 6 -C 3 ). The value decreased with an increase in the proportion of syringyl units. A similar tendency has been reported in the thioacidolysis study of four wood species: the total yield of 5-5-linked thioacidolysis dimers tended to be higher in the species having a lower syringyl/guaiacyl ratio (Kishimoto et al. 2010) . As shown in Figure 3 -a2, the biphenyl products never ceased to exist even when the proportion of syringyl units to all products [S/(S + V + 2DV)] attained a value of 86% (6.0 is a conventional S/V ratio for Avicennia species). This result indicates clearly that the decrease in the relative content of guaiacyl units resulted in the decrease in the frequency of 5-5 linkages in the hardwood lignins. The yields of biphenyl products were correlated with the proportion of syringyl units, and the analytical data fitted well a straight line (R 2 = 0.96 for hardwoods only, R 2 = 0.95 for all wood species). However, the data fitted even better a convex downward curve with a quadratic equation (R 2 = 0.98, Y = 6.728X 2 − 13.117X + 6.846, in Figure 3-a2) , implying that the biphenyl content does not simply vary inversely with the proportion of syringyl units; i.e. besides the decrease in guaiacyl units in lignins, there is another potential factor that lowers the biphenyl content.
To see the details of other possible factors that may influence the frequency of 5-5 linkages other than a decrease in guaiacyl units, the ratio of biphenyl products to all of the guaiacyl-type products [2DV/(V + 2DV)] was introduced as a value representing the incidence rate of The p-hydroxyphenyl ratio, an indicator of the p-hydroxyphenyl/ guaiacyl composition of lignin, is the ratio of p-hydroxyphenyl products (H) to the total of p-hydroxyphenyl and guaiacyl products (H + V + 2DV). The biphenyl product yield (DV) was doubled to 2DV so that the NBO yield represents the yield of aromatic rings.
5-5 coupling per guaiacyl unit in the cell wall. This was plotted against the proportion of syringyl units ( Figure 5 ). The 2DV/(V + 2DV) values were similar for the six softwood species and were approximately 0.15 as mentioned. If only the amount of guaiacyl units governed the biphenyl content, then the incident rates should be similar (close to be 0.15) for all hardwood species regardless of their syringyl/guaiacyl compositions. However, the 2DV/ (V + 2DV) value was not constant; it decreased as the proportion of syringyl units increased. The correlation between 2DV/(V + 2DV) and S/(S + V + 2DV) (R 2 = 0.81 for hardwoods, R 2 = 0.94 for all wood species) suggests that syringyl units influenced the incidence rate of biphenyl structures. Hardwood lignins are heteropolymers resulting from cross-coupling reactions between guaiacyl and syringyl units and are not present as a mixture of guaiacyl and syringyl homopolymers (Hwang and Sakakibara 1979) . One possible explanation for the influence of the syringyl units is that sinapyl alcohols undergo a crosscoupling reaction with a portion of guaiacyl units during lignin biosynthesis, thereby reducing the chance for 5-5 coupling reaction of guaiacyl units. For example, once a guaiacyl unit at the phenolic end of a growing lignin polymer is further coupled with a coexisting sinapyl alcohol by a β-O-4 linkage prior to a 5-5-linkage formation, the resulting 4-O-etherified guaiacyl unit cannot be oxidized into a phenoxyl radical. Such a guaiacyl unit is unable to form a 5-5 linkage with another guaiacyl unit. In this way, sinapyl alcohol may prevent the 5-5 coupling reaction between two guaiacyl units during lignin formation. In addition, the lignification conditions in cell walls might also influence the incidence rate of 5-5 coupling. The frequency of 5-5 linkages can possibly be influenced by the relative concentrations of coniferyl alcohol, sinapyl alcohol, and growing lignin polymers even if the same amount of guaiacyl units has been introduced in the cell walls. Although further studies are needed to elucidate the details of this phenomenon, it can be concluded that the content of guaiacyl units is likely not the only factor influencing the biphenyl content.
NBO method used to evaluate biphenyl structures
Because some chemical degradation methods, including the NBO method, use an oxidation process, the possibility of the artificial formation of biphenyl structures from non-condensed units or biphenyl-type products formed from monomeric degradation products during the analytical process must be examined. Bose et al. (1998) found that a substantial amount of biphenyl products is artificially formed from non-condensed structures during CuO/ NaOH treatment, which is used as an alternative method to NBO or as a pretreatment for the permanganate oxidation method. Whereas the NBO of a tetramer lignin model compound with a 5-5 linkage produced biphenyl products at greater than 70% yield, a β-O-4 dimer model did not exhibit any biphenyl peak in the gas chromatograph of its oxidation products (Tamai et al. 2015) . Therefore, it was guaranteed that all biphenyl products obtained from lignin by the NBO method are not formed artificially during the oxidation but are derived from the original biphenyl structures contained in the lignin.
Recently, Yue et al. (2017) synthesized various guaiacyl-type thioacidolysis dimers, which enabled the reliable identification and quantification of the dimeric products released from softwood lignin by thioacidolysis. By using the calibration lines of the synthesized standards, the yield of the 5-5-type dimeric product from pinewood meals was found to be 55 μmol from 1 g of lignin on a Klason lignin basis. This indicates 2.2 units per 100 C 6 -C 3 unit are involved in biphenyl structures (assuming the Mw of a lignin unit is 200 g mol −1
). The yield of biphenyl-products obtained by the NBO method was higher than this value (6.2-7.3 units per 100 C 6 -C 3 unit for the softwoods, shown in Figure 3 ). This difference in the yields can be explained by the fact that thioacidolysis is designed to selectively cleave the β-O-4 linkages in lignin. Thus, thioacidolysis can be specifically used to determine biphenyl structures that are connected to other units by β-O-4 linkages on their side chains. It would be possible to investigate the details of biphenyl structures in greater depth by selectively using a combination of different analytical methods depending on the purpose of the investigation. Other some chemical degradation methods, such as the derivatization followed by reductive cleavage (DFRC) method (Peng et al. 1998 ) and permanganate oxidation without a pre-hydrolysis treatment (Parkas et al. 2007) , as well as the modern NMR methods (Capanema et al. 2004; Ralph et al. 2006; Crestini et al. 2011) , are also powerful tools for the detailed structural analyses of specific biphenyls.
In contrast, the NBO products can potentially arise from lignins regardless of the structures of the side-chain moiety, although the NBO method has the drawback that the products lack the information of the original side-chain structures. The side chains can be either β-5 or β-O-4 linkages, which are partially evidenced. Both a phenylcoumarantype coniferyl alcohol dimer and a β-O-4 model compound produce vanillin via NBO (Iiyama and Lam 1990) , although further model studies are necessary to clarify the structural origin of biphenyl-type NBO products. In addition, the biphenyl product yield was fairly high (Tamai et al. 2015) . Thus, the NBO method can be regarded as one of the appropriate tools for comparing the total amounts of biphenyl units in lignins between different wood samples.
Conclusion
Biphenyl structures (5-5-linked units) were found in the lignin of all 21 examined wood species. The content of the biphenyl structures was indicated to be similar in softwoods on the basis of the yields of biphenyl-type NBO products of six softwood species. In hardwoods, the biphenyl content was lower in the species with higher syringyl/guaiacyl ratios. The biphenyl content in lignin seems to be mainly governed by the content of guaiacyl units, but this is not likely the only factor influencing the biphenyl content.
